Abstract: Metal halide lamps are very efficient light sources based on a Hg plasma arc with metal halide salt additions. In spite of their high efficiency, the lamps suffer from several problems, such as color separation and instabilities, which currently hinder large-scale use. These phenomena are caused by a complex interaction of convection and diffusion flows in the plasma. In order to unravel the various contributions, experiments under microgravity have been performed where convection is absent.
INTRODUCTION
Looking at Earth from a distance, as shown in Fig. 1 , it is not the Great Wall of China or any of the large cities that will first signify human activity. It is the billions of lights we use which light up nearly all parts of the night sky. Wherever humans are present, artificial light is used, allowing us to live and work indoors and outdoors at any time of the day. In densely populated areas, this literally lights up our planet. Light is certainly a great commodity, but it comes at a price. Not only does it result in serious light pollution, disturbing animal and plant life, it also has a huge energy need. Of the annual world electricity production of 15 × 10 12 kWh, about 20 % is used for lighting applications [1, 2] . Let us try to put this enormous number into perspective. A medium-to large-sized electricity plant has a production capacity of about one GW, which corresponds to about 8 10 9 kWh per year. So worldwide there are about 375 electricity plants operating continuously solely to supply the power for our lamps. Apart from depleting our fuel reserve, this also results in an annual emission of about 2 × 10 9 tons of CO 2 , which is a significant contribution to global heating. These numbers shows that lighting has a large economical as well as ecological impact. lamp also suffers from several problems, which limits its use for other applications, such as shop and home lighting. These problems include electronic control of the lamp, burning orientation, instabilities, and (re-)ignition problems [4] .
In this paper, we will focus on the problem of color separation in metal halide lamps. Before going into a detailed explanation of the effect and showing the experimental data, let us conclude the general description of a metal halide lamp with a remark on the Hg. As commonly known, Hg is unhealthy and thus Hg-free lamps are desirable. However, Hg lamps in general and metal halide lamps in particular are highly efficient. It should be noted that there are small amounts of Hg in the average fuel mix of electricity plants. During the long lifetime of these lamps, generally about five to ten times more Hg is released into the atmosphere by electricity plants supplying the lamp power, than is present in the lamp. Moreover, the Hg in these lamps is easily recyclable. Thus, by introducing a Hg-free lamp, a loss of lamp efficiency is not acceptable. For general lighting applications, there are currently no good alternatives for the Hg-containing lamps, thus it is important to understand how they work in order to further improve their performance.
COLOR SEPARATION IN METAL HALIDE LAMPS
In this paper, we will focus on the physical and chemical processes responsible for color separation in metal halide lamps. As mentioned before, the main emission from the lamps results from excited atomic and ionic metal species and lamp efficiency will generally increase if there is more metal in the central region.
If the wall temperature and the basic thermodynamic data of the salt or salt mixture are known, the vapor pressure of the metal salt above the solid salt can also be calculated. If the temperature distribution within the lamp is known, it is relatively easy to make an LTE approximation of the partial pressures of the various chemical compounds in which the metal exists at different places in the lamp. Figure 4a shows for DyI 3 how the LTE distribution of the partial pressures for the various species looks throughout the lamp. In the calculations, a Hg pressure of 10 bar is assumed and a constant partial elemental pressure is defined as the summed pressure of Dy + , Dy, DyI, DyI 2 , DyI 3, Dy 2 I 6 , and Dy 3 I 9 -with the latter two counting double, respectively triple. In equilibrium, the elemental pressure equals the saturated vapor pressure at the wall. A 4-mm-radius lamp having a parabolic temperature profile with a wall temperature of 1100 K and an axis temperature of 5500 K is assumed in order to plot the pressures as a function of lamp radius. Figure 4a shows that in the center of the lamp, ions and atoms dominate, whereas close to the wall there are only molecules. The latter is fortunate as metallic atoms will react rapidly with the lamp wall, forming an undesired opaque chemically stable layer.
In spite of the imposed constant elemental pressure, the plasma-induced temperature gradient results in strong gradients of the individual species' pressures. This causes a strong diffusion flux of the species, which in steady state is counteracted by the back-diffusion of other species. In our case, however, the diffusion speed of the molecules will be significantly smaller than that of the atoms due to their size and mass difference. Ions and atoms have similar masses, but ions can diffuse faster due to ambipolar diffusion. In order to reach a stationary state, a gradient in the elemental pressure has to exist, such that the lower molecular diffusion speed is balanced by a higher pressure. Similarly, the ionic pressure is lower than the atomic pressure due to its enhanced ambipolar diffusion, as shown in Fig. 4b . The effect of a nonconstant elemental pressure as a function of lamp radius is called radial segregation. Light is emitted by individual atoms and ions, therefore, the density, defined by the ideal gas law, rather than the pressure is the controlling parameter. As the central temperature is higher than the wall, the density is lower. This further increases the difference between the wall and center of the plasma, see Fig. 4c . Also note that in a cylindrical type lamp, the lamp volume depends on the square of the radius, thus the region with the high salt density between 3 and 4 mm is roughly equally large as the central zone up to 3 mm. All these effects combine to a low amount of radiating species in the hot central zone, thus lowering the lamp efficiency.
In addition to the diffusion effects described above, there is also convection in the lamp. In a horizontally operating lamp, convection will counteract the diffusion as it effectively "mixes" the various lamp species as graphically depicted in Fig. 5 . Unfortunately, in horizontally operating lamps, convection will lift the hot arc into the curved shape from which it derives its name. This brings the hot plasma region close to the cold wall, which at best lowers the lamp efficiency and in worse cases causes lamp failure. As a result, many high-pressure lamps are operated in a vertical orientation.
In vertically operating lamps, convection causes species in the hot central arc region to rise and to descend along the cooler walls [3] . The radially segregated minority salt species (Fig 4b) follow the dominant Hg flow. The combined effect of convection and radial segregation is an increased elemental metal density in the lower part of the lamp. Such axial segregation results in a nonhomogeneous emission over the lamp, called color separation. An example of this effect is shown in Fig. 6 . A simple theory, based on infinitely long lamps predicts an exponential decay of the metal density as a function of height in the lamp [5, 6] :
where λ is called the segregation parameter. The value of λ depends on the relative importance of convection versus diffusion. In the absence of convection, there is only radial and no axial segregation, so λ = 0. With increasing convection, axial segregation and color separation occur, thus λ increases. If convection becomes faster than diffusion, convective mixing of species occurs. This reduces the radial segregation, which in turn reduces the color separation. Thus, for very large convective flows, the convection parameter λ tends to zero again. Consequently, λ and thus color separation are expected to have a maximum when diffusion and convection processes are of equal magnitude and to be small in case of either weak or strong convective flows.
Qualitatively, this yields a good description of the high-intensity discharge (HID) lamp. In practical lamps, however, several other effects, such as electrodes, burner geometry, end effects, and specific chemistries, also affect the lamp behavior. In order to fully understand the lamp and to make quantitative predictions on light output, a numerical lamp model is under construction [7] . To provide input data and verify the model results, a large variety of experiments are necessary. From the previous discussion, it follows that convection plays a key role in understanding the lamp behavior.
This has been proven by observing the lamp behavior during a space shuttle flight [8] . To be able to unravel the complex interaction between convection and diffusion, extended experiments under zero gravity have been performed. Convection is eliminated in the absence of gravity, so the effect of diffusion only can be studied and compared with the model results. Two microgravity experiments have been performed, the first during parabolic free falls in an air plane and the second in the international space station (ISS).
REFERENCE LAMPS
The lamps are studied using various diagnostics. Obviously, it should be possible to compare experimental results; moreover, the experimental data need to be compared with numerical models. Therefore, a reference lamp has been defined that can be readily experimentally diagnosed as well as numerically modeled. This lamp, described below, is now in use by several research groups working on metal halide lamps. Several demands have been incorporated into the design. To be accessible by optical techniques, quartz has been chosen as the wall material. To simplify modeling, the burner is cylindrically shaped with a 4-mm inner radius and 20 mm in length. The lamp is placed in an outer tube with symmetric double-ended electrical connections and standard electrodes with an inter-electrode distance of 18 mm.
In the experiments described here, the outer tube is under vacuum, preventing heat losses. It also can be filled with nitrogen, which prolongs the lamp lifetime. To simplify the lamp chemistry, only a single relatively well-known metal halide salt is added: DyI 3. Hg is the buffer gas, and an Ar/Kr mixture is used as a starting gas. The lamp power is moderated to about 100 W. A picture of the lamp is shown in Fig. 7 . Detailed optical emission measurements have been performed on the lamp [9] . Place-resolved Bolzmann plots have been constructed, similar to the example shown in Fig. 8, which show that the center of the plasma arc is close to LTE with a temperature of about 5500 K and an electron density in the order of 10 21 m -3 . In spite of uncertainties in transition probabilities [10, 11] , serious deviations from LTE have been found near the plasma edge. These are probably due to large radiative energy losses: this plasma is after all meant to be a lamp. Diode laser absorption spectroscopy [12] has been used to probe the Dy ground-state density. The results, depicted in Fig. 9 , show that there is significant axial segregation of the Dy in the lamp. Apart from electrode effects, the segregation is well described by the exponential decay formula given by eq. 1. 8 Boltzmann plot of various atomic and ionic Dy levels, obtained by Abel inversion of radially resolved absolute line intensity measurements [9] . The data are obtained in the center of a standard lamp with 10 mg Hg 3 mm above the lower electrode using a lamp power of 100 W. The dots and triangles represent the same measurements, but using different atomic transition probabilities to determine the absolute state density: dots [10] , respectively, triangles [11] .
MICROGRAVITY MEASUREMENTS
The At the end of the parabola, a second strong acceleration is used to prevent the plane from crashing. The result is that the experiments inside the plane are subjected to a series of 1-1.8-0-1.8-1 g gravity conditions. During the hypergravity (1.8 g) phases, there is an increased convection, whereas there is no convection during the microgravity phase.
Four different diagnostics have been used during parabolic flights: optical emission and laser absorption spectroscopy, a video camera, and a light-integrating sphere. Since the optical emission set-up was a prototype of the version in the ISS, it had to be small, light-weighted, and compact. The requirement for compactness is solved by using an Echelle-type grating with a high blaze angle (74°). Because of the high dispersion, due to the high angle of incidence and the high orders used, the focal length of the main lens can be relatively small, and consequently the spectrometer can be very compact, about 20 cm in length. A disadvantage of Echelle-type spectrometers is their small free spectral range (FSR), which results in wavelength overlapping of adjacent orders. By installing an interference filter in the optical system selecting a small wavelength interval, the problem of overlapping orders is avoided. In our set-up, several interference filters can be selected, providing wavelength selection. Consequently, the angle of the grating can remain fixed. This provides a very small but robust set-up with a similar resolution and spectral range as the 1-m monochromator used in the laboratory (cf. Fig. 8 [9] ). The setup allows us to reconstruct a radially resolved atomic-state density distribution function and a radial temperature profile during microgravity. The diode laser absorption system is essentially a copy of the laboratory system (cf. Fig. 9 [12] ) measuring the Dy ground-state density. Video images provided by a stripped webcam are used to monitor the experiment and get qualitative information on the lamp behavior. All hardware is integrated on one frame, which is enclosed by an aluminum dome structure. The frame holds the spectrometer, the video camera, and the diode laser absorption set-up. It also supports the rotating lamp holder in which 20 lamps can be mounted.
During the parabolic flights, an additional set-up has been used with a spectroscopically integrating sphere (Fig. 10) to measure the total light output under varying gravitational conditions [13] . The light is detected by a photodiode supplied with a suitable optical filter, simulating human eye sensitivity. Thus, the lamp efficacy and power efficiency can be determined.
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Metal halide lamps 1247 Fig. 9 The atomic Dy density measured by diode laser absorption spectroscopy as a function of height above the lower electrode in a lamp with 10 mg Hg at 113 W lamp power. The exponential segregation fit (eq. 1; λ = 0.28/mm) is only applied to the square dots [12] .
Due to increased weight and size limitations, the laser absorption part of the set-up was not incorporated in the ISS version of the experiment, reducing it to less than 30 kg. Figure 11 shows the ISS flight hardware, just before the aluminum safety dome is mounted on the bottom plate which holds the frame. The astronaut, André Kuipers, operates the experiment using a human-machine interface. The Figure 12 shows pictures of the lamp during various phases of the parabolic flight. The color separation is clearly visible, as the lower part of the lamp emits bright white light, whereas in the top part only a weak Hg emission is seen. The segregation in the hypergravity phase is significantly less than under normal gravity conditions. In the microgravity phase, the light emission is homogeneous in the axial direction. Increased emission during hypergravity is confirmed by measurements with the integrating sphere (Fig. 13) [13] . The emission increase during the hypergravity phases shows that in this particular lamp, convection is already dominant during normal gravity. As a consequence, increasing gravity and therefore increasing convection leads to a better mixing and thus an increased light emission during the hypergravity phase. In the microgravity phase, convection is absent and radial segregation is dominant. In Fig. 13 , this is clearly visible as a decrease in the emission, even below the 1 g value, at the start of the microgravity phase. The subsequent increase is caused by an increase of the lamp temperature in the absence of convective cooling. This results in a higher metal vapor pressure inside the lamp and thus a higher emission. It also shows that the 20 s of microgravity, available in an airplane, are insufficient to obtain a stable lamp. In order to study a fully stabilized lamp under microgravity conditions, measurements in the ISS are the only option. The more detailed optical emission and laser absorption data confirm the general trends observed with the webcam and integrating sphere (Figs. 12 and 13) and will be used to validate the lamp model. Preliminary data analysis shows that the radially resolved emission profiles can significantly change with varying gravity conditions [14] . Figure 14 shows the Abel inverted symmetrized emission profiles of excited atomic Dy (642.73 nm) in a lamp with 5 mg Hg during hyper-and microgravity. During the hypergravity phase, there is a reasonably homogeneous distribution of Dy, while under microgravity, radial segregation is so strong that it results in a nearly full depletion of the central region. As explained before, this is undesirable for an efficient lamp, but it also shows that these experiments help to unravel the complex transport processes in the lamp into their various parts. Figure 15 shows the image of the lamp during operation in the ISS. Under these conditions, there is no axial segregation and the lamp is completely homogeneous. Analysis of the data is underway, but preliminary data show a strong radial segregation of dysprosium, which allows for a strong Hg emission in the central region of the lamp, similar to the results shown in Fig. 14.
Metal halide lamps 1249 Fig. 12 Pictures of the lamp during normal gravity, hypergravity, and microgravity. The differences in the emission profiles are caused by a change in the Dy distribution inside the lamp due to varying convection and diffusion flows.
Fig. 13
Integrated light output of a 10-mg Hg lamp with DyI 3 (cf. Fig. 12 ) during a single parabola, measured using the integrated sphere shown in Fig. 10 . 
CONCLUSIONS
Metal halide discharges are very efficient lamps. In spite of their advantages, there are still several issues limiting a wider applicability. One of the discharge-related problems is color separation, which is caused by a complex interaction of diffusion and convection transport of the light-emitting metal species in the discharge. It is currently beyond our capabilities to understand and model a general metal halide lamp with a complex shape and chemistry. Therefore, a simple reference lamp has been defined as useful for experiments and modeling. To eliminate convection, experiments under microgravity have been performed during parabolic flights and in the ISS. Due to stringent weight, volume, and safety regulations, dedicated experimental designs needed to be developed, which proved to work successfully in the space station. The results support the qualitative theory of the lamp, but more importantly supply ample data for future model validation.
